Two-dimensional (2D) hybrid perovskites make up an emerging class of materials for optoelectronic applications in which inorganic octahedral layers are separated by nonconductive large organic cations. This leads to a high-dimensional and dielectric confinement and hence a high exciton binding energy, which severely limits their application in devices in which charge carrier separation is required. In this work, we achieve improved charge separation by replacing nonconductive organic cations with organic charge-transfer complexes consisting of a pyrene donor and a tetracyanoquinodimethane acceptor. Steady-state absorption measurements show that these materials exhibit optical features that match with the absorption of the organic charge-transfer complexes. Using microwave conductivity and femtosecond transient absorption, we show that photoexcitation of these charge-transfer states leads to longlived mobile charges in the inorganic layers. While the efficiency of charge separation is relatively low, these experiments demonstrate that it is possible to induce charge separation in solid-state 2D perovskites by engineering the organic layer.
T wo-dimensional (2D) hybrid organic−inorganic perovskites are tunable semiconductor materials formed by layers of inorganic metal halide octahedral [MX 6 ] 2− separated by large organic cations [A] + . 1, 2 So far, the role of the organic cation in these materials has been mostly defined by the use of nonfunctional organic molecules such as n-alkylammonium, phenylethylammonium, benzylammonium, and guanidinium. 2 As a result, the organic cations act as a nonconductive barrier while the charge carrier transport occurs exclusively in the inorganic octahedral layers. 3−5 In these layers, the charge carriers experience a strong dimensional and dielectric confinement (exciton binding energies of ∼200−400 meV) that results in formation of stable excitons at room temperature. 4, 6, 7 This is desirable for light-emitting diodes (LEDs) and nanolasers but limits the application of 2D hybrid perovskites in optoelectronic devices in which charge separation is required, for instance, solar cells, photodetectors, and photocatalysts. It has been shown that the high exciton binding energy that charge carriers experience in the inorganic layers can be decreased by introducing organic cations with high polarizability that influence the dielectric environment in the 2D perovskite. 8, 9 On the contrary, an interesting alternative to generate free charge carriers is to introduce functional organic compounds that can either accept or donate electrons to dissociate the excitons. 10 It has been shown theoretically that introducing strong functional organic molecules into 2D hybrid perovskites results in localized electronic orbitals/bands in both the inorganic octahedral layer and the organic molecules. In principle, this could result in charge separation and subsequent transport of free charge carriers. 10 Experimentally, few 2D hybrid perovskites have been synthesized using functional organic cations such as conjugated organic molecules, chromophores, and molecular complexes. 11−18 However, in none of these previous studies were the chargeor energy-transfer characteristics in these materials considered. Only in some recent studies was an indication of access to triplet states in the organic molecules reported. 13,19−21 In a previous work, we reported the formation of 2D perovskite thin films in which electron-donating moieties pyrene-alkylammonium (pyrene-C n ) and the full chargetransfer (CT) complex of this donor molecule combined with the strong electron acceptor tetracyanoquinodimethane (TCNQ) were introduced between the inorganic octahedral layers. 22, 23 We reported steady-state optical absorption measurements in which the donor-only compound, (Pyrene-C 4 ) 2 PbI 4 , exhibits a spectrum similar to that of 2D materials with nonfunctionalized organic cations. 24−26 In contrast, (pyrene-C 4 :TCNQ) 2 PbI 4 exhibits absorption features from the organic charge-transfer (CT) complex: two broad chargetransfer bands, one between 550 and 750 nm and another one at ∼800 nm. 27 These additional absorption features indicate processes that are different from those in nonfunctionalized 2D perovskites. In this work, we have studied the photophysical properties of these compounds using laser-induced timeresolved microwave conductivity (TRMC) and femtosecond transient absorption (fs-TA) measurements. By microwave conductivity, we show that the charge carriers in (pyrene-C 4 ) 2 PbI 4 are still confined to the inorganic layers (weak photoconductivity signal and fast decay kinetics). 6 In contrast, the photoconductivity of (pyrene-C 4 :TCNQ) 2 PbI 4 exhibits a long-lived signal (∼1−4 μs) attributed to charge-separated holes transferred from the (pyrene-C 4 :TCNQ) CT complex into the inorganic octahedral layers, while the electrons stay localized in the TCNQ molecules. This was confirmed by the transient absorption (TA) measurements by direct photoexcitation of the high-energy CT state at 575 nm. While the efficiency of charge separation is relatively low, this shows for the first time that inclusion of charge-transfer complexes between the inorganic layers in 2D perovskites can result in charge transfer and long-lived free carrier conduction in solidstate 2D hybrid perovskites. The time scale of free charge carrier conduction (1−4 μs) is in the relevant range for application in optoelectronic devices.
We have previously reported the synthesis and characterization of the 2D hybrid perovskite thin films with the donoronly pyrene modified with an alkyl chain, (pyrene-C 4 ) 2 PbI 4 , and the CT complex formed with strong electron acceptor t e t r a c y a n o q u i n o d i m e t h a n e ( T C N Q ) , ( p y r e n e -C 4 :TCNQ) 2 PbI 4 . 22 The formation of 2D perovskite structures was confirmed by X-ray diffraction by identifying the (0 0 l) reflections characteristic of preferential growth along the (1 1 0) direction parallel to the substrate ( Figure S1 ). 22, 28 In addition, Figure S1 shows that the 2D (pyrene-C 4 :TCNQ) 2 PbI 4 perovskite does not exhibit reflections that match with the XRD pattern of the CT (pyrene:TCNQ) organic complex. This confirms that there is no detectable presence of segregated CT complex that is not part of the layered structure. However, the full structure has not been resolved as 2D single crystals have not been synthesized. In fact, upon the introduction of TCNQ, we have been able to synthesize only one-dimensional (pyrene-C 4 )PbI 3 *(TCNQ) single crystals as shown previously. 29 Efforts are ongoing to determine the full 2D structure. A schematic representation/ illustration of the structure of 2D (pyrene-C 4 :TCNQ) 2 PbI 4 is shown in Figure 1a .
In addition, we have shown that the steady-state absorption of (pyrene-C 4 ) 2 PbI 4 exhibits the typical absorption features of 2D perovskites: an excitonic transition at ∼490−520 nm and a continuous band absorption at higher energies (see Figure  1b ). 24−26 Interestingly, apart from the excitonic features typical of 2D perovskites, the compound (pyrene-C 4 :TCNQ) 2 PbI 4 exhibits absorption features derived from the (pyrene-C 4 :TCNQ) CT complex: two broad charge-transfer bands, one between ∼550 and 700 nm and another at ∼850 nm (see Figure 1b ). 27 These additional features are clearly seen in Figure 1b where the steady-state absorption of the control compounds (pyrene-C 4 ) 2 PbI 4 and the nonperovskite (pyrene-C 4 :TCNQ) CT complex is also plotted for comparison. Apart from the additional absorption features, the main excitonic transition in (pyrene-C 4 :TCNQ) 2 PbI 4 (∼530 nm) is redshifted compared to that of (pyrene-C 4 ) 2 PbI 4 (490 nm). This shift is attributed to structural rearrangements in the inorganic octahedral layers to accommodate the bulky TCNQ molecules. 29 Red-shifts in 2D perovskites have been previously associated with a decrease in the geometric distortion of the inorganic [PbI 4 ] 2− octahedra. 25 With regard to the photoluminescence emission, we have previously shown that from (pyrene-C 4 :TCNQ) 2 PbI 4 it is only observed emission from the excitonic transition at ∼530 nm and no emission from the CT state is observed (see Figure S2 ). 22 The photoinduced conductivity obtained from microwave (TRMC) measurements upon excitation at the maximum of the excitonic transition (∼490−530 nm) is shown in panels a and b of Figure 2 for (pyrene-C 4 ) 2 PbI 4 and (pyrene-C 4 :TCNQ) 2 PbI 4 , respectively. For (pyrene-C 4 ) 2 PbI 4 , the photoinduced conductivity shown in Figure 2a exhibits the typical features observed for 2D perovskites with nonfunctional organic cations: a photoinduced conductivity maximum, in terms of the product of mobility and yield of dissociation (μφ = ΔG/βeI 0 F A ), on the order of 0.01 cm 2 V −1 s −1 , where the dissociation yield is generally very small for such 2D perovskites. The conductivity signal is due to the small fraction of free charges and is characterized by a fast recombination decay (lifetime of <50 ns) due to the large dimensional and dielectrical confinement. 6 In contrast, the photoconductivity of (pyrene-C 4 :TCNQ) 2 PbI 4 shown in Figure 2b is slightly lower directly after the excitation pulse and exhibits two distinct decay times. The magnitude of the photoconductivity is most likely affected by the introduction of TCNQ on the inorganic layers (seen in the absorption spectra), which ultimately also affects the intrinsic charge mobility and photoconductivity signal. With regard to the two distinct decay times, first, a fast initial decay is seen that matches with the decay of electron−hole pairs in the inorganic octahedral layers similar to the decay in 2D perovskites with nonfunctional chromophores. Second, this decay is followed by a long-lived tail from ∼1 to 4 μs (see Figure S3 ) that is still present at high photon intensities, indicating that it is not significantly reduced by second-order recombination effects as observed for (pyrene-C 4 ) 2 PbI 4 in Figure 2a .
To clarify the origin of the long-lived signal, we performed additional experiments by photoexciting (pyrene-C 4 :TCNQ) 2 PbI 4 at a series of wavelengths: 335 nm to excite the pyrene molecules, 525 nm to excite the excitonic peak, and 575, 600, and 630 nm to directly excite the CT states in the organic CT complex. Figure 2c shows that excitation at energies above the CT state (335 and 525 nm) results in a combination of two very different decay times as described above. In contrast, direct excitation of the CT state (575, 600, and 630 nm) leads to a photoconductivity signal that is an order of magnitude smaller but with only a slow decay that matches the slow decay component observed after excitation at higher energies (335 and 525 nm). As a control measurement, the photoinduced conductivity of the (pyrene-C 4 :TCNQ) CT complex (without the perovskite component) is shown in Figure 2d . As one can see, both the maximum photoconductivity and the carrier lifetime are much smaller than in (pyrene-C 4 :TCNQ) 2 PbI 4 . This is in agreement with typical photoconductivity measurements on organic materials where low short-lived transients are common. 30 From these measurements, we conclude that the long-lived photoconductivity component in (pyrene-C 4 :TCNQ) 2 PbI 4 is not from transport in the organic charge-transfer complex but due to enhanced charge separation leading to long-lived positive charges in the inorganic [PbI 6 ] − octahedral layers. This suggests that by excitation of the (pyrene-C 4 :TCNQ) CT complex, it is possible to transfer holes to the inorganic octahedral layer while the electrons stay localized in the TCNQ molecules. It should be noted that the overall yield of these charge pairs separated across the built-in organic−inorganic interface is rather low and can be observed only because of the high sensitivity of the microwave technique.
The photoconductivity of (pyrene-C 4 :TCNQ) 2 PbI 4 is shown as a function of temperature in Figure S4 . If free charge carriers were generated efficiently by charge separation, the photoconductivity would increase at low temperatured. This is a result of a higher charge mobility due to reduced lattice scattering. 6 However, this is not the case for (pyrene-C 4 :TCNQ) 2 PbI 4 where the photoconductivity increases at higher temperatures. We attribute this to more efficient dissociation of charges by charge transfer from the (pyrene-C 4 :TCNQ) CT complex. As the charge-transfer process in (pyrene-C 4 :TCNQ) is known to be extremely fast, we
The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter investigated the changes in excited-state absorption by femtosecond transient absorption (fs-TA) measurements. 27 To confirm formation of positive charges in the inorganic octahedral layers and the possible formation of TCNQ anions due to the electron localization in these molecules, we have performed fs-TA measurements to study the changes in absorption due to photoexcitation with a fast time resolution (∼180 fs). These measurements were performed at various excitation wavelengths that correspond to the excitonic peak (∼490 and 520 nm) and charge-transfer state (∼575 nm) of (pyrene-C 4 :TCNQ) 2 PbI 4 . The absorbed photon intensities were ∼1.3 × 10 13 , ∼8.0 × 10 12 , and ∼1.7 × 10 13 photons/cm 2 pulse, respectively. The transient changes in the optical absorption spectrum due to photoexcitation were detected using short broadband pulses obtained from continuum generation in a thick sapphire crystal (490−800 nm). As these measurements were performed in thin films, the TA absorption signals were corrected for changes in the reflection of the samples.
The TA spectra of (pyrene-C 4 ) 2 PbI 4 photoexcited at 490 nm and (pyrene-C 4 :TCNQ) 2 PbI 4 photoexcited at 520 nm are shown in Figure 3a (full TA spectra in Figure S5 ). Both compounds exhibit the typical features observed for nonfunctional 2D perovskites as described in the literature: a bleach of the exciton band (XB) at ∼495 nm for (pyrene-C 4 ) 2 PbI 4 and ∼530 nm for (pyrene-C 4 :TCNQ) 2 PbI 4 , corresponding to band-edge filling by photogenerated excitons. 31 An additional photoinduced absorption (PA) is observed around the main XB feature, which has been attributed to band gap renormalization (BGR) due to exciton−exciton interactions. 31 Interestingly, the TA spectrum of (pyrene-C 4 :TCNQ) 2 PbI 4 exhibits an additional bleach between 550 and 750 nm (shown in the inset of Figure 3a ). This bleach peaks at ∼575 and ∼650 nm and is in agreement with the ground-state absorption spectrum of this material shown in Figure 1b . As discussed above, these features correspond to the absorption of the (pyrene-C 4 :TCNQ) CT complex. This clearly indicates that photoexcitation of the inorganic layers in the materials also leads to a bleach signal due the organic part, resulting from either direct excitation of the organic CT complex, charge transfer, or energy transfer.
To distinguish between charge and energy transfer, we have also performed fs-TA experiments by photoexciting the materials at 575 nm, where the absorption of the (pyrene-C 4 :TCNQ) CT complex is centered. In Figure 3b , the TA spectra of (pyrene-C 4 :TCNQ) 2 PbI 4 upon photoexcitation at 520 and 575 nm and for the (pyrene-C 4 :TCNQ) CT complex upon photoexcitation at 575 nm are shown. Full TA spectra are shown in Figure S6 . Figure 3b shows that for both excitation wavelengths the TA spectrum of the (pyrene-C 4 :TCNQ) CT complex closely matches with the ground-state absorption spectrum for this material shown in Figure 1b . The TA spectra for (pyrene-C 4 :TCNQ) 2 PbI 4 also show the bleach between 550 and 750 nm, both for excitation at 520 and 575 The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter nm, even though the relative intensities of the different peaks differ slightly from the shape observed for (pyrene-C 4 :TCNQ). This difference may arise from structural reorganization of the (pyrene-C 4 :TCNQ) complexes between the inorganic octahedra. 29 Nevertheless, it is clear that a bleach feature is observed between 550 and 750 nm in Figure 3 for both excitation wavelengths, which is related to the high-energy chargetransfer bands of the (pyrene-C 4 :TCNQ) CT complex. 27 Notably, in Figure 3b , it is also seen that when (pyrene-C 4 :TCNQ) 2 PbI 4 is excited at 575 nm (CT states from the complex) there is a fast-appearing feature in the TA spectrum that corresponds with the features seen for the exciton in the inorganic layers, centered at ∼530 nm. This clearly indicates that the initially created excited state does not remain localized on the organic CT complex. Because excited-state energy transfer is energetically not possible, the likely explanation is that hole transfer to the inorganic PbI 4 framework occurs, while the electron stays localized on TCNQ. It should be noted that the formation of the separated charges is induced by a built-in energy gradient between the inorganic layer and the CT complex state and not by decreasing the intrinsic exciton binding energy. 8, 9 About this built-in energy gradient, we can directly conclude that the LUMO of TCNQ is inside the CB− VB gap of the inorganic layer, while the HOMO of the pyrene is below the CB band edge. However, consistent with the photoconductivity TRMC measurements, the magnitude of this feature is 1−2 orders of magnitude lower than when the main XB is directly excited. This supports the conclusion that this charge-transfer process is rather inefficient compared to the direct generation of excitons in the inorganic layer.
To gain insight into the populations of the different species as a function of time, the kinetics of the XB of (pyrene-C 4 ) 2 PbI 4 upon photoexcitation at 490 nm and (pyrene-C 4 :TCNQ) 2 PbI 4 upon photoexcitation at both 520 and 575 nm are shown in Figure 3c . The decay observed for (pyrene-C 4 ) 2 PbI 4 corresponds to the intrinsic decay of excitons localized in the inorganic octahedral layer. In (pyrene-C 4 :TCNQ) 2 PbI 4 , the initial decay of the XB feature upon photoexcitation at 520 nm is considerably faster than in (pyrene-C 4 ) 2 PbI 4 . This may be related to the overlap with the decay of the excited states in the (pyrene-C 4 :TCNQ) CT complex that also absorbs at 520 nm (decay time of ∼290 ps) or due to fast electron recombination as holes are injected from the organic CT complex into the inorganic layer. 27 The kinetics of the XB of (pyrene-C 4 :TCNQ) 2 PbI 4 excited at the CT state (575 nm) exhibit a similarly fast initial decay followed by a much longer component [>2.7 ns ( Figure S7) ]. The latter is attributed to the presence of long-lived charge-separated pairs, with an electron on TCNQ and a mobile hole in the inorganic layers giving rise to the long-lived photoconductivity signal in the microwave conductivity measurements. To confirm this, the temporal decay kinetics at the XB and CT complex bleach for (pyrene-C 4 :TCNQ) 2 PbI 4 and the (pyrene-C 4 :TCNQ) CT complex are shown after excitation at the CT state (575 nm) ( Figure 3d ). In Figure 3d , the charge transfer from the CT complex is clearly observed in the kinetics. The XB and CT bleach in (pyrene-C 4 :TCNQ) 2 PbI 4 grow instantaneously but decay with a slower rate (lifetime of >1 ns) clearly exceeding the typical excited-state lifetimes of the organic CT complex (290 ps). 27 This is a direct consequence of the presence of the inorganic perovskite structure and hole transfer from the CT complex to the perovskite layer. As the electron and hole are separated in space, this state is non-emissive (PLQY = 0) as it was seen in the photoluminescence experiments and no EL is expected. The long-lived charges generated by charge separation between the CT complex and the inorganic layers have lifetimes that go well beyond the maximum delay time of the fs-TA experiment. As shown above in the TRMC experiments, these charges give rise to a very long-lived conductivity signal. It should be noted that a direct comparison of the time scales in the TA and TRMC experiments is not possible due to the very different time resolution and sensitivity of the two experiments.
In this work, we show, by a combination of microwave conductivity and transient absorption experiments, that introducing charge-transfer complexes between the inorganic layers of 2D perovskites leads to long-lived hole conduction in the inorganic octahedral layer after charge separation from the organic CT complex. While the yield of this charge-transfer process is relatively low and the transport of electrons is limited/trapped, this work reveals that charge separation can occur in solid-state 2D perovskites through the use of a functional organic layer. To improve the yield of the charge separation process and transport in the organic layer, a redesign of the organic molecules is necessary, for instance, decreasing the average distance between the organic chromophores and the inorganic layers and introducing organic moieties that form a continuous ordered pathway for charge transport, for example, introducing a (crystalline) ntype organic semiconductor such as perylene diimide molecules. Nevertheless, the results presented here show the high potential of including organic molecules with specific functionality in the 2D perovskites.
■ EXPERIMENTAL METHODS
Chemicals and Reagents. 7,7,8,8-Tetracyanoquinodimethane (TCNQ, >98.0%) was purchased from TCI. Potassium phthalimide salt (95%) was obtained from Fluorochem. Lead iodide (PbI 2 , 99.999%) was obtained from Lumtec. 1-Pyrenebutyric acid (95%) was purchased from Combi-Blocks, Inc. Lithium aluminum hydride (LiAlH 4 , 95%), carbon tetrabromide (CBr 4 , 98%), potassium carbonate (K 2 CO 3 , ≥99%), magnesium sulfate (MgSO 4 , 99%), ammonium chloride (NH 4 Cl, ≥99%), triphenylphosphine (Ph 3 P, 99%), pyrene (98%), hydrazine monohydrate (65%), potassium tertbutoxide (≥98%), and hydriodic acid (57 wt % aqueous solution) were purchased from Fisher Scientific. All chemicals were used without further purification. The dry dimethylformamide (DMF) that was used to make the precursor solutions and dry tetrahydrofuran (THF), which was used for the reactions, were obtained from our in-house solvent purification system (MBRAUN SPS-800). All other solvents were purchased from Fisher Scientific. The PyrC 4 NH 3 I salt was synthesized as described in previous publications. 22, 23 Thin-Film Deposition. 22 Stoichiometric amounts of the respective precursors pyrene-C n , TCNQ, and PbI 2 were dissolved in dry dimethylformamide (DMF) at 50−70°C for 15 min while being constantly stirred. The resulting clear solutions were filtered through a syringe filter (0.45 mm pore size). Quartz substrates were cleaned through consecutive sonication steps in a series of solvents (detergent water, deionized water, acetone, and isopropanol) for 15 min each, followed by an ultraviolet−ozone treatment for 15 min. Films for optical measurements, TRMC, and XRD analysis were deposited on quartz substrates using spin coating in a glovebox with a nitrogen atmosphere (<0.1 ppm O 2 , < 0.1 ppm H 2 O) at
The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter 2000 rpm s −1 for 20 s. Subsequently, the films were postannealed at temperatures between 110 and 150°C. X-ray diffraction measurements were performed at room temperature in ambient atmosphere on a Bruker D8 Discover diffractometer with Cu Kα radiation. Time-Resolved Microwave Photoconductivity (TRMC) Measurements. Samples for TRMC were placed in a sealed resonant cavity inside a helium-filled glovebox. Laser pulsed excitation (repetition rate of 10 Hz) at 335, 490, 525, 575, and 630 nm in a temperature range of 93−363 K. The photon intensities were varied over the range of 5 × 10 13 to 3 × 10 15 photons/cm 2 which correspond to concentrations of ∼6 × 10 17 and ∼2 × 10 19 cm −3 , respectively. The time resolution is limited by the width of the laser pulse (3.5 ns full width at half-maximum) and the response time of the system (18 ns).
Femtosecond Transient Absorption Spectroscopy. Pump−probe transient absorption measurements were performed using a tunable laser system comprising a Yb:KGW laser source (1028 nm) operating at 5 kHz (2.5 kHz repetition rate) with a pulse duration of 180 fs (PHAROS-SP-06-200, Light Conversion) and an optical parametric amplifier (ORPHEUS-PO15F5HNP1, light conversion). Probe light was generated by continuum generation, focusing a small fraction of the fundamental laser light in a thick sapphire crystal (∼490−800 nm). The 2D data were acquired with a transient absorption spectrometer (HELIOS, Ultrafast Systems). The thin films were placed in an airtight sample holder loaded inside a helium-filled glovebox and excited at 490, 520, and 575 nm with pump fluences of ∼1.3 × 10 13 , ∼8.0 × 10 12 , and ∼1.7 × 10 13 photons/cm 2 pulse, respectively. The system is in quasi parallel pump−probe geometry with a 200 μm probe spot size. The measurements were performed in transmission and reflection and corrected with eq 1. 
where A is the absorbance, R the reflectance, T the transmission, and F X the fractional X (X = A or R).
